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ABSTRACT
Globular clusters which exhibit chemical and dynamical complexity have been sug-
gested to be the stripped nuclei of dwarf galaxies (e.g., M54, ω Cen). We use N -body
simulations of nuclear star clusters forming via the mergers of star clusters to explore
the persistence of substructure in the phase space. We find that the observed level of
differentiation is difficult to reconcile with the observed if nuclear clusters form wholly
out of the mergers of star clusters. Only the star clusters that merged most recently
retain sufficiently distinct kinematics to be distinguishable from the rest of the nuclear
cluster though the critical factor is the number of merger events not the elapsed time.
In situ star formation must therefore be included to explain the observed properties
of nuclear star clusters, in good agreement with previous results.
Key words: galaxies: bulges — galaxies: evolution — galaxies:kinematics and dy-
namics — galaxies: nuclei —galaxies: structure
1 INTRODUCTION
High resolution Hubble Space Telescope (HST ) observations
have shown that many low to intermediate mass galaxies
across the Hubble sequence contain a dense star cluster at
their centre, a nuclear star cluster (NSC) (Carollo et al.
1997; Bo¨ker et al. 2002; Coˆte´ et al. 2006; Turner et al.
2012).
NSCs in late-type galaxies are found to have complex
star formation histories with mean luminosity-weighted ages
ranging from 10 Myr to 10 Gyr (Rossa et al. 2006). Obser-
vations frequently show that the star formation is bursty,
recurring on a timescale of the order of 100 Myr with the
most recent episodes in the last 100 Myr (Walcher et al.
2005, 2006). One example is the NSC in M33 which
had periods of star formation 40 Myr and 1 Gyr ago
(Long, Charles & Dubus 2002). Georgiev & Bo¨ker (2014)
studied 228 late-type galaxies and found that recent star
formation is common and their stellar populations had a
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range of ages. Carson et al. (2015) found increasing round-
ness at longer wavelengths in HST WFC images of the 10
brightest and nearest NSCs. They inferred that the NSCs
contained discs with younger stellar populations. Colour-
colour diagrams for most of these NSCs also show evidence
for two populations, a younger one of the order of a few
hundred Myr old and an older one more than a Gyr old.
Pfuhl et al. (2011) studied the Milky Way’s NSC and found
that ∼ 80% of its stars are more than 5 Gyr old but there
was a deep minimum in star formation 1 to 2 Gyr ago fol-
lowed by an increase in star formation in the last few hun-
dred Myr. NSCs in late-type galaxies are often made of an
older spheroidal component with a younger, bluer disc em-
bedded in it, with the disc approximately aligned with the
plane of the main galactic disc (Seth et al. 2006, 2008). The
NSC in NGC 4244 has such a structure and the stars in the
disc are less than 100 Myr old. Integral field spectroscopy
indicates that the disc is rotating in the same sense as the
main galactic disc and is misaligned by only ∼ 15◦. The NSC
in the elliptical galaxy FCC 277 also has the spheroid+disc
structure with stars younger than those in the main galaxy
(Lyubenova et al. 2013).
Two principal formation mechanisms have been
proposed to explain the formation of NSCs: the
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Cluster Mass Absolute Half [Fe/H]
×106 M⊙ visual mag. mass radius
pc
ω Cen 2-51 -10.24 6.20 -1.62
47 Tuc 0.7-1.452,3 -9.37 3.49 -0.76
NGC 1851 0.5613 -8.35 1.85 -1.26
M54 1.453 -9.96 3.76 -1.59
M22 0.5363 -8.45 3.03 -1.64
Terzan 5 ∼ 24 -7.86 1.93 -0.28
Table 1. Properties of ω Cen, 47 Tuc, NGC 1851, M54,
M22 and Terzan 5 from Harris (1997). 1Meylan et al.
(1995); van de Ven et al. (2006); D’Souza & Rix (2013),
2Marks & Kroupa (2010), 3Gnedin & Ostriker (1997),
4Lanzoni et al. (2010). Although 47 Tuc does not show
any evidence of enhancement or spread in its iron abun-
dance (see Marino et al. (2016), we include it in this list
in light of the estimated total mass, its complex light el-
ements abundance patterns (e.g., see Cordero et al. 2014;
Kucˇinskas, Dobrovolskas & Bonifacio 2014), and its rich internal
dynamics (e.g., see Richer et al. 2013; Bianchini et al. 2013).
merging of GCs, and in situ star formation. In
the GC merger scenario the GCs’ orbits decay
due to dynamical friction and then they merge at
the centre of galaxies (Tremaine, Ostriker & Spitzer
1975; Capuzzo-Dolcetta 1993; Miocchi et al. 2006;
Capuzzo-Dolcetta & Miocchi 2008b,a; Antonini et al.
2012; Antonini 2013; Gnedin, Ostriker & Tremaine 2014).
In situ star formation could occur due to a variety of
mechanisms but would require a process whereby gas is
driven to the nuclear regions of galaxies (Milosavljevic´
2004; Bekki 2007). These include the action of re-ionisation
epoch radiation fields (Cen 2001) and compressive tidal
fields (Emsellem & van de Ven 2008). Georgiev & Bo¨ker
(2014) found that the half-light radius, reff , of their sample
of NSCs increases with wavelength and argue that this
could be explained if NSCs form from gas which falls to the
centre and forms stars, meaning that younger populations
will be more centrally concentrated than older ones. The
most direct evidence for the need of in situ star formation
comes from modelling the kinematic data for the NSC in
NGC 4244. Simulations by Hartmann et al. (2011, see also
De Lorenzi et al. (2013)) find that though the globular
cluster (GC) merger scenario can reproduce many of the
density and kinematic properties of NSCs, mergers give
rise to a central peak in vrms =
√
σ2
los
+ v2
los
, which is not
observed in the data. Based on this, they conclude that
less than 50% of the mass of the NSC could have been
assembled from the mergers of GCs, with the majority due
to in situ star formation.
Turning our attention to globular clusters, the interpre-
tative paradigm for their formation and dynamical evolution
is even more puzzling. At one time the Milky Ways GCs
were thought to consist of a single stellar population, but
the availability, over the past decade or so, of high quality
and homogeneous photometric and spectroscopic datasets
has revealed a much more complex picture of the star for-
mation history of this class of stellar systems. In particular,
there is now clear evidence that most Galactic GCs exhibit
light elements abundance patterns and colour-magnitude di-
agram morphology indicative of the existence of multiple
stellar populations (see e.g., Gratton, Carretta & Bragaglia
2012; Piotto et al. 2015). A number of possible scenarios
have been proposed to provide an interpretation of such
an ubiquitous and puzzling phenomenon, often invoking the
presence of two (or more) generations of stellar popula-
tions, with several different possible sources for the gas out
of which second population stars form. These sources in-
clude rapidly rotating massive stars, massive binary stars,
and intermediate-mass asymptotic giant branch (AGB) stars
(see e.g., Ventura et al. 2001; Prantzos & Charbonnel 2006;
de Mink et al. 2009; D’Ercole et al. 2008, 2010, 2012). Alter-
native scenarios further elaborate on the role of the ejecta
from massive interacting binaries, in the context of the
formation of circumstellar disks of young, low mass stars
(Bastian et al. 2013), as a possible origin for the observed
abundance anomalies.
One crucial insight into this problem may arise
from the investigation of the structural (see e.g.,
Vesperini et al. 2013) and kinematical properties (see e.g.,
Mastrobuono-Battisti & Perets 2013; He´nault-Brunet et al.
2015) of multiple stellar populations. Lardo et al. (2011)
has studied nine Galactic GCs with Sloan Digital Sky Sur-
vey (SDSS) data, and found that there is a statistically
significant spread in u − g colour, corresponding to varia-
tions in the abundances of light elements, with the redder
stars being more centrally concentrated than the bluer ones.
They concluded that there are distinct populations which
have different radial distributions. From the kinematic per-
spective, Richer et al. (2013) analysed the proper motions
of main sequence stars in 47 Tuc by dividing them into
four colour bands, assuming that the colour bands repre-
sent stars with different chemical composition. They found
that the main sequence stars in 47 Tuc have anisotropic
proper motions, and that such a feature is correlated with
their colours. They also found that the bluest stars are
also the most centrally concentrated, confirming that, also
in the case of 47 Tuc, different stellar populations can be
distinguished by their spatial distribution. More recently,
Bellini et al. (2015) have studied the kinematic properties
of multiple populations in NGC 2808 on the basis on high-
precision Hubble Space Telescope proper-motion measure-
ments, and they found that the helium-enriched populations
are more radially anisotropic. All aspects of the formation,
chemistry, and dynamical evolution of GCs are currently in-
tensely debated (see e.g., Renzini et al. 2015; Bastian 2015;
D’Antona et al. 2016), and only the synergy between state-
of-the-art photometric (especially the HST UV Legacy Sur-
vey of Galactic GCs, presented by Piotto et al. 2015), spec-
troscopic (see Carretta 2015; Lardo et al. 2015), and proper
motion (from HST and Gaia, e.g., see Watkins et al. 2015;
Pancino, Bellazzini & Marinoni 2013, respectively) informa-
tion will allow us to address many of these open questions.
One additional (and older) puzzle is the existence of
globular clusters with significant variations in their heavy
elements abundances. In this respect, evolutionary scenar-
ios that include one or more merger events have been of-
ten formulated as a possible formation channel of these
”multimetallic clusters” (van den Bergh 1996; Catelan 1997;
Lee et al. 1999; Carretta et al. 2010a, 2011; Bekki & Yong
2012; Amaro-Seoane et al. 2013). The scenarios in this class
have often been considered rather unlikely in the Galactic
c© 0000 RAS, MNRAS 000, 000–000
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environment, but not unrealistic in other settings, such as
in interacting galaxies (e.g., the Antennae) or in the core of
a dwarf galaxy (e.g., Sagittarius). In particular, it has been
envisaged that GCs may come close and merge due to galaxy
interactions or where GCs have fallen to the centre of the
host system due to dynamical friction. Amaro-Seoane et al.
(2013) investigated this process using N-body simulations
and found that the radial distribution of different popula-
tions are similar to those in multimetallic GCs. In particu-
lar, they found that the distribution of stellar populations
in their dynamical models had some resemblance to the ob-
served distribution in ω Cen. However Catelan (1997) found
that a merger of two GCs would produce a red giant branch
with bi-modal colours and no such bimodality had been seen
in Galactic GCs, which led to the conclusion that they are
unlikely to be formed by mergers. Ferraro et al. (2009) has
found that Terzan 5 shows bimodality in the red clump and
red giant branch.
Interestingly, Galactic globular clusters that are char-
acterised by anomalous metallicity distributions tend to
be also particularly massive. These two aspects, coupled
with additional signatures of dynamical complexity, have
often been interpreted as possible indications that these
stellar systems may be remnants of dwarf galaxies, which
have been tidally stripped by the potential of the Milky
Way (e.g. van den Bergh 1996; Bekki & Norris 2006). In
this context, it has also been speculated that these ob-
jects are actually able to retain fast supernovae ejecta
(hence the spread in heavy elements), as they were much
more massive at their birth, further supporting the pos-
sibility of identifying them as nuclei of disrupted dwarf
galaxies. Notable cases, as characterized by a very wide
or even multi-modal metallicity distribution, include ω
Cen (Lee et al. 1999; Bekki & Norris 2006; Carretta et al.
2010b), M54 (Carretta et al. 2010a; Sarajedini & Layden
1995; Siegel et al. 2007), and Terzan 5(Ferraro et al. 2009;
Origlia et al. 2011; Massari et al. 2014).
Significant intrinsic iron spreads have been measured
also in M22 (Da Costa et al. 2009; Marino et al. 2009, 2011),
M2 (Yong et al. 2014), NGC 1851 (Carretta et al. 2010a,
2011; Bekki & Yong 2012), and NGC 5286 (Marino et al.
2015, see their Table 10). In this context, it should also be
emphasized that the analysis of GCs identified as having an
intrinsic Fe spread deserves particular care, especially with
respect to non-local thermodynamical equilibrium effects
driven by over-ionization mechanisms in the atmosphere of
AGB stars, which may lead to spurious metallicity assess-
ments (e.g. see Lapenna et al. 2014; Mucciarelli et al. 2015).
Indeed, the half mass radii and masses of many clus-
ters listed above are consistent with those of NSCs (see
Table 1, and also Fig. 3 of Walcher et al. 2005). In par-
ticular, ω Cen has been often identified as a very pecu-
liar star cluster, not just in consideration of its chemical
complexity, but also for a number of interesting kinemati-
cal and dynamical features (such as the strong internal ro-
tation Sollima et al. 2009; Bianchini et al. 2013), especially
the possibility of the presence of a central, dynamically
decoupled substructure, as revealed by the Schwarzschild
model proposed by van de Ven et al. (2006). M54 is thought
to be the NSC of the Sagittarius dSph and, as such, to
be in the process of being stripped by the Galactic poten-
tial (but Siegel et al. 2011, find that M54 may be 2 kpc
in the foreground of the centre of the Sagittarius dSph, al-
though this would require an unusual alignment). There is
also evidence for the presence of an intermediate mass black
hole in both M54 and ω Cen, which also favours them be-
ing stripped NSCs (Ibata et al. 2009; Wrobel, Greene & Ho
2011; Noyola, Gebhardt & Bergmann 2008; Miocchi 2010),
although, especially in the case of ω Cen, this issue
is still highly debated (Anderson & van der Marel 2010;
van der Marel & Anderson 2010).
Inspired by the new recognition of chemical and dy-
namical complexity which seems to characterise these stellar
systems, possibly at the interface between globular clusters
and nuclear star clusters, we wish to perform an investiga-
tion of a number of structural, kinematical, and phase space
properties of the products of numerical experiments of glob-
ular clusters mergers, as a possible formation scenario of
NSCs. In particular, we wish to assess the persistence of any
structural and kinematical distinction between the different
components, associated with the original globular clusters,
within the stellar system resulting from the merger pro-
cess. An analysis, devoted to the exploration of the spatial
and age differences among different mass components, has
recently been presented by Perets & Mastrobuono-Battisti
(2014); in the present investigation we wish to devote our
attention in particular to the kinematical and dynamical
properties.
To test whether different components can be distin-
guished spatially and kinematically in the case of GC merg-
ing, we have studied two simulations of this process. In Sim-
ulation 1, a number of GCs merge to form a larger object,
while in Simulation 2 we start with a pre-existing star clus-
ter, and then add several GCs, one at a time, to merge to the
central object. We then study the spatial distributions and
the kinematics of the stars originating in different GCs, and
investigate how well mixed they are. The article is organ-
ised as follows: Section 2 describes the simulation methods,
Section 3 describes the resultant star cluster for simulation
1 and the remnant star cluster for simulation 2, and finally
Section 4 presents a discussion of our conclusions.
2 THE SIMULATIONS
Our N-body simulations were run using the efficient parallel
tree code PKDGRAV (Stadel 2001) suitable for studying
collisionless dynamics. Simulation S1 has not been described
previously and we provide a description here. Simulation
S2 was described by Hartmann et al. (2011) and we only
provide a brief description of it here. Both simulations S1
and S2 evolve within a bulge model. The bulge model has a
Hernquist (1990) profile:
ρ(r) =
aMb
2πr(r + a)3
, (1)
where the mass, Mb = 5× 10
9M⊙, scale radius a = 1.7 kpc
and is truncated at r > 15a (Sellwood & Debattista 2009).
The bulge is made up of 3.5 × 106 particles with masses
ranging from 40M⊙ at the centre to 3.9×10
5M⊙ further out
giving increased mass resolution inside of 160 pc (Sellwood
2008). The bulge has no strong instabilities meaning that the
distribution of particles remains unchanged on timescales up
c© 0000 RAS, MNRAS 000, 000–000
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Figure 1. Surface density map of the final merger remnant from
simulation 1 showing three orthogonal projections. The system
has been oriented so that the resulting angular momentum is
about the z-axis.
to a Gyr, more than adequate to model multiple accretions
of GCs.
In simulation S1 there was no initial structure at
the centre of the bulge and star clusters were placed on
central orbits which decayed due to dynamical friction,
falling to the centre, where six of initially ten SCs merged
to form a nuclear remnant. The orbits of the ten SCs
were found by selecting particles of the bulge with high
angular momentum within a radius of 100 pc. We placed
the SCs at the same position and with the same velocities
as these bulge particles. Afterwards we rotated the SC
system by 180◦ around the centre. The initial distances
from the centre of the SCs range from 50 to 100 pc,
with velocities in the range of 18 to 121 km s−1. The
model SCs have a mass of 4 × 104M⊙, comparable to
young star clusters found in the Milky Way and the Local
Group (Figer, McLean & Morris 1999; Figer et al. 2002;
Mackey & Gilmore 2003; McLaughlin & van der Marel
2005). The SCs are composed of particles of equal mass of
1 M⊙ and softening of 0.04 pc. The SC model is a isotropic
distribution function of a lowered polytrope with index
n = 2:
f(x, v) ∝ [−2E(x, v)]1/2 − [−2Emax]
1/2 (2)
An iterative process is used to produce equilibrium models
(Debattista & Sellwood 2000).
Simulation S2 is the same as run A1 of Hartmann et al.
(2011) which was also studied by Portaluri et al. (2013).
The SC models have particles of equal mass (15 M⊙)
and equal softening (ǫ = 0.13 pc). The concentration
c = 0.16 is defined as c = log(Reff/Rc), where Reff
= 1.11 pc is the half-mass radius (effective radius) and
Rc is the core radius, where the surface density drops
to half of the central. This model is also comparable to
massive young star clusters in the Milky Way and the Local
Group (Figer, McLean & Morris 1999; Figer et al. 2002;
Mackey & Gilmore 2003; McLaughlin & van der Marel
2005). We create a NSC for the SCs to accrete onto by
letting a massive star cluster of similar profile and mass 2
10-1 100
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M
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p
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remnant
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Figure 2. Cylindrical density profiles for the final merger rem-
nant for model 1 showing the overall density and the densities
contributed by stars originating in each progenitor GC. For com-
parison the dashed (blue) line shows a power law with an expo-
nent of -2.
×106 M⊙, c = 0.12 and Reff = 2.18 pc fall to the centre
of the bulge. This star cluster was allowed to settle to the
centre from a circular orbit at 127 pc, which takes 65 Myr,
before we started the accretion of 27 GCs, starting them
on circular orbits at a distance of 32 pc from the centre.
In total, the mass accreted corresponds to ∼8.1 times the
NSCs initial mass. Each accretion is allowed to finish before
a new GC is inserted. A single accretion on average requires
∼20 Myr and the 27 GCs are accreted in 810 Myr.
3 RESULTS
3.1 Properties of the the merger remnant in
simulation 1
3.1.1 Final properties
In this section we examine the properties of the merger rem-
nant formed in simulation 1 in terms of the stars which orig-
inated in each progenitor GC. The aim will be to see if we
can distinguish the stars which originated in individual GCs
as populations with distinct distributions and kinematics
within the merger remnant.
Table 2 shows the mass and the half mass radius Re
at five times during the simulation. We measure the surface
density profile at each time and find the total mass and the
radius enclosing half this mass. It should be noted that there
have been recent mergers at t = 200, 400 and 1560 Myr but
not at 600 and 800 Myr which explains why there is very
little change in Re between the latter times. Figure 1 shows
a map of the merger remnant’s surface density within 4 Re
after 1.56 Gyr. It has a mass of ∼ 2.4×105 M⊙ and a half
mass radius Re ∼ 3.2 pc with a mildly oblate shape.
Figure 2 shows the density profiles and Figure 3 shows
the velocity dispersion profiles in cylindrical coordinates for
the merger remnant at the end of the simulation. We sepa-
rate the stars by their progenitor GC and labelled the GCs in
the order in which they merged, from GC0 to GC5. The con-
tribution of each GC is distinguished as a different coloured
c© 0000 RAS, MNRAS 000, 000–000
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Figure 3. Velocity dispersions for the final merger remnant in model 1 at 1.56 Gyr and for the the stars originating in each progenitor
GC. Left: σR, Middle: σφ, Right: σz .
Time Mass Half mass radius NGC
Myr ×105 M⊙ pc
200 1.22 1.25 3
400 2.02 2.2 5
600 2.03 2.25 5
800 2.03 2.25 5
1560 2.4 3.2 6
Table 2. Properties of the merger remnant in simulation 1 at
several times. NGC is the number of globular clusters that have
merged to that point.
line. It is apparent that it is difficult to identify stars vi-
sually from different progenitor GCs on the basis of the
density profile and velocity dispersion, though GC5 looks
distinguishable on the basis of its velocity dispersion. The
final density distribution is very similar for the stars from all
GCs. Even stars from the most recently merged GC5 have
a very similar density profile to the stars originating in the
other GCs. All velocity dispersions are similar for all the
groups of stars originating in each GC except for GC5. GC5
shows the most significant deviations from the behaviour of
all the other components; in particular, the radial profiles
of the velocity dispersion tensor are systematically lower in
the central to intermediate regions (R < 2Re), while they
become comparable to the values of the other components
in the outer parts (R > 2Re). The differences in dispersion
between GCs 0, 1, 2 and 3 are ∼1 km s−1 which would be
hard to detect. GC4 has a maximum difference of ∼2 km
s−1, which may be detectable, and the maximum difference
of GC5’s velocity dispersion from the mean is for σφ and is
∼3.5 km s−1 at R ∼ Re.
3.1.2 Merger remnant evolution in simulation 1
We now consider whether it is possible to distinguish dif-
ferent progenitor populations at earlier times in the simu-
lation. Figure 4 shows the merger remnant density profile
at 200 Myr and at 400 Myr, times at which GCs have re-
cently merged into the remnant. When GC0, GC1 and GC2
have merged the merger remnant has a mass of 1.22×105
M⊙ and a half mass-radius of ∼ 1.25 pc. After GC3 and
GC4 have also merged the remnant’s mass has increased to
2.02×105 M⊙ and the half-mass radius to ∼ 2.2 pc. There
is a noticeably larger difference in the density profiles of the
most recently merged GCs, having a flatter central density.
By the time 5 GCs have merged the density profile for GC2,
which was quite different from the rest when just 3 GCs had
merged, has become close to the typical density profile of the
other GCs.
Figure 5 shows the merger remnant velocity dispersion
profiles within 4Re
1 after 3 GCs have merged and after 5
GCs have merged. These plots generally show the velocity
dispersion profiles are similar in shape and magnitude for
all stars originating in each GC. After 3 GCs have merged
the most recently merged GC2 shows the greatest deviation
from the mean at . 3 km s−1. After the merger of two addi-
tional GCs, it is again the most recently merged GC4 which
shows lower velocity dispersions with a maximum difference
of ∼ 2 km s−1 from the mean. GC3 and GC4 are quite dis-
tinguishable here, indicating that mixing is less complete.
Figure 6 shows the evolution of the angular momentum
of the merger remnant. We use Briggs figures (Briggs 1990)
which are 2-D polar coordinate representations of vector di-
rections where the two spherical angle coordinates relative
to a fixed reference frame, θ and φ, are plotted as the ra-
dial and angle coordinates, respectively, on a 2-D polar plot.
The plot shows a Briggs figure for the stars from different
GCs. It can be seen that the angular momentum vectors
are well aligned to better than 10◦ for stars inside of 4Re.
The one exception is GC2 after 3 GCs have merged which
is misaligned by ∼20◦ from GC0 and GC1 probably due to
its recent merger.
The top row in Figure 7 plots the angular momentum
perpendicular to the plane of overall rotation, jz, versus en-
ergy for stars in three spherical radial ranges at 1.56 Gyr. jz
is measured once the merger remnant has been centred and
its angular momentum vector aligned with the z axis, result-
ing in any flattening of the stars into a disc lying in the x−y
plane (c.f. Figure 1). Stars in the inner radial bin have lower
jz, increasing outwards. There is no evidence of groupings
of stars with distinct angular momentum signatures in these
plots which would be indicative of separate populations. If
we look at stars originating in different star clusters the only
one that shows a significant difference in this plot is GC5,
1 We choose this radius because
Kucˇinskas, Dobrovolskas & Bonifacio (2014) include stars
out to 4Re in their work on 47 Tuc.
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Figure 5. The velocity dispersion profile of the stars originating from individual GCs after 3 GCs have merged (top) and after 5 GCs
have merged (bottom) in model 1. σR left, σφ middle and σz right.
i.e. the last one to merge. The middle and bottom rows of
Figure 7 shows a comparison of jz versus energy for GC0
and GC5 in the same 3 radial bins. GC5 shows significantly
more stars with positive angular momentum in the inner two
radial bins however there is still significant overlap in stellar
distribution making this bias hard to observe.
Figure 8 shows the evolution of the stars from each GC
on the (V/σ,ǫ) diagram of Binney (2005). It has been mea-
sured as described in Hartmann et al. (2011) within 2 Re.
The radial profiles of the observables depicted in the diagram
have been calculated along a line of sight corresponding to
a direction perpendicular to the orientation of the angular
momentum vector (i.e., edge-on). The region inside of 2 Re
is divided into bins of equal size and V/σ is calculated as:
(
V
σ
)
e
≡
〈V 2〉
〈σ2〉
=
ΣNn=1FnV
2
n
ΣNn=1Fnσ
2
n
(3)
and the ellipticity ǫ is found from:
(1− ǫ)2 = q2 =
〈y2〉
〈x2〉
=
ΣNn=1Fny
2
n
ΣNn=1Fnx
2
n
(4)
where Fn is the mass in the nth bin and Vn and σn are the
corresponding mean velocity and velocity dispersion in that
bin. It can be seen that GCs when first merged can have
large differences in their location on the diagram, for in-
stance GC2, GC4 and GC5. However as the remnant evolves,
stars originating in different GCs move closer together. Even
though GC2 and GC4 are initially located in very different
parts of the diagram compared to the other mass compo-
nents, they subsequently evolve towards the same region,
corresponding to moderate flattening and mild rotation. In
particular, the evolution in the diagram of GC2 (from a
condition of high flattening and significant rotation) seems
to be associated with merger events of GC3 and GC4. The
component GC4 evolves in a similar way, but on a longer
timescale, and it becomes comparable to the other compo-
nents only after the completion of all six merger events.
3.1.3 Kolmogorov-Smirnov statistics
In this section we make some quantitative measurements of
the probability that stars originating in each of the GCs
could be distinguished from the overall distribution by us-
ing the Kolmogorov-Smirnov (K-S) test on the fractional
distribution of stars within 4Re. We shall assume that stars
from each of the GCs can be chemically identified and then
find the probability that stars from pairs of GCs have been
drawn from the same population.
We first perform K-S tests on the spatial distribution of
stars from each GC at the point where 3, 5 and 6 GCs make
up the merger remnant. Figure 9 shows a graphical represen-
tation of the probabilities, p (p-value), in log10 space, that
stars originating in pairs of merged GCs are drawn from the
same population. The p-values are calculated on the cumu-
lative fraction of a random selection of 200 stars taken 1000
times and averaged. Figure 9 is composed of n2 cells where
n is the number of GCs merged in the remnant at each time.
The GCs are laid out along the x and y-axes in order and
the number displayed in the cell where the appropriate row
and column cross is the p-value for the probability that the
stars from those two GC populations are drawn from the
same population. The p-values in the upper left half of the
figure (above the diagonal) are for the spatial distribution
of the GCs and those in the lower right half (below the di-
agonal) are for the cumulative fraction of stars versus radial
velocity seen by an observer viewing the system edge-on to
the average plane of the GC’s initial orbits. The figure is
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Figure 7. Plots of the vertical angular momentum jz versus energy for stars in three radial ranges at 1.56 Gyr for simulation 1. The
left column shows stars between 0 and 2 Re, the middle between 2 and 4 Re and the right hand one shows stars between 4 and 6 Re.
We show plots for all stars (top), for the stars originating in GC0 (middle) and GC5 (bottom). Stellar radii are measured in spherical
coordinates. The number of stars in each bin in the plot is colour coded with the maximum shown in dark red and numbers decreasing
moving through yellow to blue.
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Figure 9. Model 1 log10 of p-values for the cumulative spatial distribution of 200 stars within 4Re when the merger remnant contains
3 GCs (left), 5 GCs (middle) and 6 GCs (right) and cumulative absolute velocity distribution as seen by an observer viewing the system
edge on to the average plane of the GCs’ initial orbits. The p-value for any pair of GCs is found at the intersection of the appropriate
row and column. The figure is colour coded so that high p-values are darker (green) and low p-values are lighter (yellow).
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Figure 4. The density profile of the stars from individual GCs
soon after a merger has occurred in model 1. Top: After 200 Myr
the first three GCs have merged with GC2 being the most recent.
Bottom: After 400 Myr GC3 and GC4 have now merged with
GC4 being the most recent. For comparison the dashed (blue)
lines show a power law relation with an exponent of -2.
colour coded so that high values of the p-value are darker
(green) and low values are lighter (yellow).
The p-values for the radial velocity show that there is
a high probability that any pair of GCs are drawn from the
same population. The lowest value has p-value of ∼0.32. The
p-values for the spatial distribution show a greater likelihood
that two GC populations could be distinguished. When the
merger remnant consists of 3 GCs GC0 and GC1 have a
high probability that their stars are drawn from the same
population. However the most recently merged GC2 has less
than 1% probability that its stars are drawn from the same
population as GC0 or GC1 so it seems possible that it could
be distinguished by this method. We see a similar situation
when 2 more GCs have merged, when GC4 has less than 1%
probability that its stars are drawn from the same popula-
tion as GC0 or GC1. However all other p-values are >1%
implying that it would be difficult to distinguish separate
populations. When the merger remnant contains 6 GCs even
the most recently merged GC, GC5, has a greater than 2%
probability that its stars are drawn from the same popula-
tion as GC2. Other p-values are >0.1 apart from GC2 which
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Figure 6. Briggs figure for the stars from different GCs in model
1. The direction of the angular momentum vector for each GC
is indicated by the position of the symbol on the plot. Circles
are values after 3 GCs have merged, squares after 5 GCs have
merged and triangles after 6 GCs have merged. The plot shows
the values for stars inside of 4Re. We use the same colour code as
in other figures: GC0 blue, GC1 green, GC2 red, GC3 cyan, GC4
magenta, GC5 yellow.
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Figure 8. Evolution of the merger remnant of model 1 on the
(V/σ,ǫ) diagram of Binney (2005) measured as in Hartmann et al.
(2011) within 2 Re. The black line shows the location of edge-
on oblate isotropic models. Each GC is indicated by a differ-
ent colour. GC0 is blue, GC1 is green, GC2 is red, GC3 is ma-
genta, GC4 is cyan and GC5 is yellow. The different symbols show
the values at different times. Note that GC3 and GC4 have not
merged until 400 Myr and have no data for 200 Myr, and GC5 has
just merged at the end of the simulation and shows no evolution.
remains the most distinguishable of the remaining GCs in
its spatial distribution having a 4% probability that its stars
are drawn from the same population as GC1.
3.2 Properties of the merger remnant in model 2
We now examine the results for model 2 (run A1 of
Hartmann et al. (2011)). In this simulation a massive star
cluster is placed on an orbit close to the centre where it
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Time Mass Half mass radius NGC
Myr ×105 M⊙ pc
310 16.22 2.9 10
600 28.39 6.2 20
810 36.89 6.95 27
Table 3. Properties of the merger remnant in model 2 at three
stages of its evolution.
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Figure 10. Surface density map of the merger remnant from
model 2 (run A1 of Hartmann et al. (2011)) showing three or-
thogonal projections. The lower left hand plot is face-on to the
plane of the orbits of the GCs and the other 2 are perpendicular
to it.
eventually settles. A series of less massive star clusters are
then placed on orbits at 32 pc from the centre, one at a time.
Their orbits decay to the centre where they merge with the
central structure. Each one is allowed to merge before the
next one is added to the simulation. At the end of the simu-
lation 27 GCs have merged. Figure 10 shows a stellar density
map for model 2 at the end of the simulation. The merger
remnant is much more flattened than that in simulation 1
because the GC orbits are all co-planar (compare with Fig-
ure 2). Table 3 shows the mass and half mass radius for the
merger remnant at 310 Myr, 600 Myr and 810 Myr when
10, 20 and 27 clusters have merged. Re grows significantly
between 310 Myr and 600 Myr from 2.9 pc to 6.2 pc.
Figure 11 shows the evolution of the surface density
profile for the merger remnant within 4Re showing increas-
ing density at the centre. Figure 12 shows surface density
profiles for specific GCs at the same three times. The GCs
which merge first have very similar density profiles but we
see larger differences for the most recently merged GCs, es-
pecially at later times. The density profile for these GCs is
either flat in the middle or even dropping towards the centre,
showing that their density profiles will evolve further.
Figure 13 depicts the velocity dispersion profiles for the
same GCs at the three times shown in Figs. 11 and 12 as
well as the velocity dispersion for the whole cluster. These
profiles show a similar pattern to the density and kinematic
profiles. The first 5 GCs to merge have very similar profiles
and the most recent GC to have merged always shows the
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Figure 11. Evolution of the surface density for the merger rem-
nant in model 2.
biggest difference. There are also bigger differences for the
recently merged GCs at later times. The velocity dispersions
for the whole cluster increase significantly from when the
merger remnant contains 10 GCs to when it has 27 GCs.
At each time the 5 most recently merged GCs all show
a greater difference in density profile and kinematics from
the average. From inspection of the density profiles it ap-
pears that these components are still experiencing significant
evolution, and therefore it is not surprising to notice some
differences in their kinematics. After the first ten merger
events, only the last cluster component (GC9) is still distin-
guishable from the global behaviour. Similarly, after twenty
merger events, the behaviour of the last five clusters still re-
tains some differences from the one of the previously merged
components (especially in the case of GC19). This applies
also to the subsequent components in the remnant, after it
has experienced the full series of 27 merger events. It appears
that in model 2 there is a greater likelihood that we would
be able to distinguish individual populations from specific
recently merged GCs.
3.2.1 Kolmogorov-Smirnov statistics
We performed K-S tests for model 2, looking at the spatial
distribution of stars originating in individual merged GCs
after 10, 20 and 27 GCs have merged, drawing 200 stars in
each sample. Figure 14 shows a representative sample of cu-
mulative fractions of stars originating in individual merged
GCs at the same times considered in Figure 14. The pairs are
defined by considering a selection of components which be-
long to either one of the 5 earliest merged GCs or from one of
the 5 most recently merged clusters; such a prescription al-
lowed us to perform a comparison between the most similar
and the most different distributions, respectively. The pair
from the 5 earliest merged GCs were chosen to have the
greatest apparent difference in distribution. After 20 GCs
have merged and 27 GCs have merged a further GC was
chosen from an intermediate merger event to sample a dif-
ferent stage of the merger. The objective of this selection is
to show the outliers of the possible comparisons in spatial
segregation.
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Figure 12. The density profile at three different times for model 2. The panels show when 10 GCs in the merger remnant on the left,
20 GCs in the remnant in the centre and 27 GCs in the remnant on the right.
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Figure 13. Model 2 velocity dispersion profiles in cylindrical coordinates when the merger remnant contains 10 GCs (top), 20 GCs
(middle) and 27 GCs (bottom) for model 2. Profiles for the first 5 GCs to merge and the 5 most recently merged GCs are shown. Radial
profiles are on the left, azimuthal profiles are in the centre and vertical profiles are on the right. 10 GCs have merged with the central
cluster at this time.
Again the p-values in the upper left half of the figure
(above the diagonal) are for the spatial distribution of the
GCs and those in the lower right half (below the diagonal)
are for the radial velocity seen by an observer viewing the
system edge-on to the average plane of the GC’s initial or-
bits. The p-values for the radial velocity tests again show
that there is a high probability that any pair of GCs are in-
distinguishable using this K-S test. The lowest p-value∼0.14
which still demonstrates a high likelihood that the 2 GCs are
drawn from the same population. When the merger remnant
contains 10 GCs the K-S tests based on the spatial distri-
bution show that the earliest merged GCs, which are GC0,
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Figure 14. Model 2 log10 of p-values for the cumulative spatial distribution of 200 stars within 4Re when the merger remnant contains
10 GCs (left), 20 GCs (middle) and 27 GCs (right) and cumulative absolute velocity distribution as seen by an observer viewing the
system edge-on to the average plane of the GCs’ initial orbits. The p-value for any pair of GCs is found at the intersection of the
appropriate row and column. The figure is colour coded so that high p-values are green and low p-values are yellow.
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Figure 15. The probability when the merger remnant is made of
27 GCs that the earliest merged GC0 in model 2 is drawn from the
same population as all the others based on spatial distribution.
GC4 and GC5, have p-values >1% whereas GC9 has a low
probability that it is drawn from the same population as the
other three. Similarly when 20 GCs have merged GC3, GC4,
GC12 and GC15, which have been merged for longest, have
p-values > 0.001 in tests between each other whereas GC19
has a p-value <5×10−6 that its stars are drawn from the
same population as any of the others. When 27 GCs have
merged GC3 and GC4 have a similar spatial distribution
and GC19, GC22 and GC26 have low likelihoods of being
drawn from the same population as GC3 and GC4.
At each time we find that the 6 to 8 most recently
merged GCs have a low probability that they are drawn
from the same population as earlier merged GCs based on
their spatial distribution. When GCs have merged prior to
this in the merger sequence their stars have a spatial distri-
bution which is similar to that of the overall merger remnant.
An illustration of this is shown in Figure 15. This shows the
probability that the earliest merged GC, GC0, is drawn from
the same population as each of the others when the merger
remnant contains stars from 27 GCs. This p-value is gener-
ally ∼0.2 to 0.5 but always >1% for all GCs up to GC18 and
then falls sharply from GC19 (probability, p<10−5) to GC26
(just merged). This implies that stars from a GC which has
merged in the most recent 8 mergers could be distinguished
by their spatial distribution but stars from a GC which un-
derwent a prior merger could not.
Figure 16 shows the p-values laid out as before for all
pairs of GCs at the end of the simulation in model 2. The
lower right half of the figure shows the p-values for velocity
distribution. These p-values are all >10% showing we can-
not use their velocity distribution to distinguish stars from
different GCs. The upper left half of the figure shows p-
values for spatial distribution. The p-values of the last 6 to
8 GCs to merge when tested with one of the first 18 GCs
to merge are low. p-values for GC0 to GC18 taken in pairs
show higher likelihood that these GCs are drawn from the
same population.
If we look for groups of GCs which all have p-values of
>10% when tested with each other then we find two large
groups made up of 11 and 7 GCs and three small groups
of 3, 3 and 2 GCs. The two large groups are made up from
the first 18 GCs to merge. If we set the p-value threshold
at 1% we still find 2 large groupings made up of 15 and 6
GCs (again made up from the earlier GCs to merge) and
two smaller made up of 3 and 2 GCs. This implies that
if observations find kinematic substructure then it is not
because of mergers.
3.3 Dependence of K-S results on number of
observable data points
We have chosen, somewhat arbitrarily, 200 stars to com-
pare our distributions. Given that we have simulations with
∼40000 star particles representing each GC we could have
used up to thousands of data points to perform our K-
S tests. Though the profiles we have examined would not
have changed by using more points it is true that using
more points would result in lower p values for the same
value of D. Observational uses of the K-S test are lim-
ited by the number of stars observed and so for our pur-
poses we should ensure that we are performing our tests
with values of Np which are comparable to observations.
Kucˇinskas, Dobrovolskas & Bonifacio (2014) perform their
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Figure 16. p-values for the cumulative spatial distribution of 200 stars within 4Re at the end of the simulation for model 2, for all
pairs of GCs. The p-value for any pair of GCs is found at the intersection of the appropriate row and column. The figure is colour coded
so that high p-values are green and low p-values are yellow.
K-S tests on 101 main sequence turn-off stars in 47 Tuc
meaning they are comparing subsamples with tens of stars.
Lardo et al. (2011) used K-S tests to distinguish different
populations of stars in the u, g, r SDSS bands. They com-
pared samples containing from 10s to several hundred stars.
In order to assess the effect of using larger numbers of stars
we repeated some of our K-S tests again with 1000 stars.
Figure 17 shows the p-values as described in Section
3.1.3 but now with 1000 stars in each distribution. At 200
Myr the results are similar to the results with 200 stars. As
previously GC2 is distinguishable by its spatial distribution.
At 400 Myr however most GC pairs have a spatial p-value
<10−6 and are now distinguishable by their spatial distri-
bution. Only GC0/GC1 and GC2/GC3 have a p-value for
their spatial distribution >1.5%. We see a similar effect at
1560 Myr though not quite as marked. However at this time
GC2, GC4 and GC5 are distinguishable by their spatial dis-
tribution with GC3, GC4 and GC5 having relatively high
p-values that they are drawn from the same population. In-
creasing the number of stars has had a significant effect on
our ability to identify different populations by their spatial
distribution.
4 DISCUSSION
We have shown that the stars originating in individual GCs
which merge can be difficult to identify from their spatial
or velocity distributions with currently observable sample
sizes. It is often the most recently merged GCs which are
distinguishable by observations. Stars from the most re-
cently merged few GCs have a low probability, based on
c© 0000 RAS, MNRAS 000, 000–000
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Figure 17. Model 1 log10 of p-values for the cumulative spatial distribution of 1000 stars within 4Re when the merger remnant contains
3 GCs (left), 5 GCs (middle) and 6 GCs (right) and cumulative absolute velocity distribution as seen by an observer viewing the system
edge on to the average plane of the GCs’ initial orbits as in Figure 9. The p-value for any pair of GCs is found at the intersection of the
appropriate row and column. The figure is colour coded so that high p-values are green and low p-values are yellow.
their spatial distribution that they are drawn from the same
population as earlier merged GCs. However this probability
increases quickly as more GCs merge and soon become spa-
tially distributed and kinematically similar to the rest of the
cluster.
Our simulations are examples of violent relaxation
(Lynden-Bell 1967) where the final distribution of parti-
cles is the result of the star particles being scattered by
the rapidly changing gravitational potential produced by a
merger. Studies of violent relaxation in galaxy mergers have
found that radial abundance and colour gradients can sur-
vive the mixing of stellar populations but that they are re-
duced (White 1980; Barnes 1988; Mihos & Hernquist 1994;
Barnes 1996).
Our simulation remnants are collisionless, non-spherical
systems. Merritt & Valluri (1996) found that collisionless
mixing in triaxial potentials representative of elliptical
galaxies occurs with characteristic times of 10−30 dynamical
times. For our systems the dynamical time at Re ∼ 5× 10
5
yr giving a mixing time of 5 to 15 Myr. Valluri et al. (2007)
studied the mechanisms responsible for mixing in collision-
less mergers (in their case dark matter halos). They found
that the mixing in phase space is driven by the exchange of
energy and angular momentum at pericentric passage due
to tidal shocks and dynamical friction. They find that in
the merger remnant most particles retain a memory of their
original kinetic energy and angular momentum but there are
changes due to the tidal shocks. Importantly they do not find
more large scale mixing in radius compared to an isolated
halo and conclude that radial gradients in stellar properties
such as metallicity can survive such mergers. This supposes
that such gradients exist prior to a merger, which is very
likely for galaxies. In the case of NSCs (and potentially GCs
too) we would like to know if the merging of stellar systems
composed of a single population can produce multiple popu-
lations distinguishable by their spatial and velocity profiles.
If mono-abundance GCs merge to form NSCs they will re-
tain some of their kinetic energy and angular momentum
profiles. Stars from different merging GCs will have similar
spatial and velocity distributions prior to the merger and
retain these afterwards. Our results indicate that creating
a merger remnant results in the stars from different GCs
having a similar spatial and velocity distributions except for
recent mergers, implying that if our clusters were made up of
distinct stellar populations they would be difficult to detect
by their spatial and velocity distributions.
Kobayashi (2004) studied the chemodynamic evolution
of elliptical galaxies following mergers and showed that
metallicity gradients have the largest change when the galax-
ies are of comparable mass. They find that when the mass
ratio of the two galaxies is more than 20% then the metal-
licity gradient change is &0.5 dex. Di Matteo et al. (2009)
investigated dry mergers of early-type galaxies with a va-
riety of properties using N-body simulations. They found
that such mergers do flatten the metallicity gradient of the
merger remnant but that ellipticals can retain their pre-
merger metallicity gradient if one of the merging galaxies has
a steep pre-merger slope. Should a small metallicity gradi-
ent exist in our merger remnant the repeated merging in our
simulations would be likely to continually reduce any stel-
lar population gradients making any remnant gradient hard
to observe. Building a NSC from GCs would require early
mergers to have mass ratios more than 20% maximising the
reduction in the existing gradient.
From the globular clusters perspective, the character-
isation of the process of mixing of different stellar pop-
ulations plays a crucial role for the interpretation of the
spatial and kinematical properties of present-day Galactic
star clusters. The key physical driver of the mixing is repre-
sented by two-body collisional relaxation processes, which,
during the course of the long-term dynamical evolution of
the systems, may gradually erase any intrinsic difference in
the spatial and kinematical distribution of different stellar
populations. Within the formation scenario in which the
asymptotic giant branch stars are the ”polluters” contribut-
ing to enrich the gas from which the second generation is
formed, Vesperini et al. (2013) have explored, by means of
direct N-body simulations, the time-scales and the dynam-
ics of the spatial mixing of two different populations, and
their dependence on the initial concentration of the “sec-
ond generation” stars. They found that the time-scale for
complete mixing indeed depends on the initial concentra-
tion of the second generation, but that, in general, complete
mixing is expected only for clusters in the late stages of
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their evolution, after they have lost a significant fraction of
their initial mass due to relaxation-driven processes. Such
a theoretical investigation therefore supports the observa-
tional evidence that, in several present-day star clusters,
different populations are characterised by distinguishable
spatial distributions (with the helium-enriched population
being the more centrally concentrated one). In particular,
Kucˇinskas, Dobrovolskas & Bonifacio (2014) in a study of
47 Tuc found that a K-S test of the fractional distribution
of the different generations of stars plotted against radius
from the centre of the cluster gives a probability p = 6.0
×10−7 that the primordial and chemically enriched distri-
butions are drawn from the same population (for a total of
101 stars). K-S tests of the absolute radial velocities of the
different stellar generations also give low probabilities that
they are drawn from the same population (p = 7.0×10−7).
We emphasise that K-S tests with a greater number of stars
from mass components associated with specific GCs in our
simulations find much higher likelihoods that they are drawn
from the same population both for spatial and velocity dis-
tributions.
As for the globular clusters kinematical properties, it
has been shown, again with the support of direct N-body
simulations, that different populations may be characterised
by different kinematical properties, as established by the
effects of two-body relaxation process (see Section 4 in
Bellini et al. 2015). In particular, it results that the diffu-
sion from the innermost regions to the outer parts of the
clusters of the most centrally concentrated population is
associated with the growth of radial anisotropy in such a
population, in agreement with recent observational studies
of selected Galactic globular clusters (47 Tuc, Richer et al.
(2013); NGC 2808, Bellini et al. (2015)). One additional
question is related to the kinematic imprints (and their sur-
vival) of different formation scenarios for multiple stellar
populations in GCs. He´nault-Brunet et al. (2015) have ad-
dressed such a question by using direct N-body simulations,
and they found that different formation mechanisms show
distinct kinematical signatures that can persist for a Hub-
ble time. In summary, in the context of the formation and
dynamical evolution of globular clusters, there is convincing
evidence, mostly based on N-body models, that spatial and
kinematical differences, either intrinsically associated with
the formation scenarios or induced by collisional relaxation
processes, may persist for several half-mass relaxation times.
Bearing in mind the fundamental differences between
the formation scenarios (and the intrinsic nature) of glob-
ular clusters and nuclear star clusters, we have performed
an investigation of the structural and kinematical proper-
ties of the mass components associated with different proto-
clusters, progressively merged to form a single central stellar
systems. Motivated by specific cases of peculiar star clusters
which, in light of their chemical and dynamical complexity,
have been suggested to be stripped nuclei of dwarf galaxies
(e.g., M 54, ω Cen ), we wished to assess the existence and
persistence of any spatial or dynamical signature associated
with the merger histories considered in our two simulations.
Our analysis shows that such a differentiation is difficult
with currently available numbers of observations if NSCs
formed by merging alone, except for recent mergers.
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